&

USGS

science for a changing world

Stream-Sediment Geochemistry in Mining-lmpacted
Streams: Sediment Mobilized by Floods in the Coeur
d’Alene-Spokane River System, Idaho and Washington

Scientific Investigations Report 2005-5011

U.S. Department of the Interior
U.S. Geological Survey



Cover. South Fork of the Coeur d'Alene River at Kellogg, Idaho, near peak streamflow at approximately 10 a.m. P.s.t. on December 23, 1933. Major
damage occurred to towns, transportation infrastructure, and ore-concentration-mill facilities in the Coeur d'Alene Mining District from this flood
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1974. Photograph by the Washington National Guard; view eastward (upriver).
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Stream-Sediment Geochemistry in Mining-Impacted
Streams: Sediment Mobilized by Floods in the Coeur
d’Alene-Spokane River System, Idaho and Washington

By Stephen E. Box, Arthur A. Bookstrom, and Mohammed Ikramuddin'

Abstract

Environmental problems associated with the dispersion
of metal-enriched sediment into the Coeur d’ Alene-Spokane
River system downstream from the Coeur d’ Alene Mining
District in northern Idaho have been a cause of litigation since
1903, 18 years after the initiation of mining for lead, zinc,
and silver. Although direct dumping of waste materials into
the river by active mining operations stopped in 1968, metal-
enriched sediment continues to be mobilized during times of
high runoff and deposited on valley flood plains and in Coeur
d’ Alene Lake (Horowitz and others, 1993). To gauge the geo-
graphic and temporal variations in the metal contents of flood
sediment and to provide constraints on the sources and proc-
esses responsible for those variations, we collected samples of
suspended sediment and overbank deposits during and after
four high-flow events in 1995, 1996, and 1997 in the Coeur
d’ Alene-Spokane River system with estimated recurrence
intervals ranging from 2 to 100 years. Suspended sediment
enriched in lead, zinc, silver, antimony, arsenic, cadmium, and
copper was detected over a distance of more than 130 mi (the
downstream extent of sampling) downstream of the mining
district. Strong correlations of all these elements in suspended
sediment with each other and with iron and manganese are
apparent when samples are grouped by reach (tributaries to
the South Fork of the Coeur d’Alene River, the South Fork of
the Coeur d’ Alene River, the main stem of the Coeur d’ Alene
River, and the Spokane River). Elemental correlations with
iron and manganese, along with observations by scanning
electron microscopy, indicate that most of the trace metals
are associated with Fe and Mn oxyhydroxide compounds.
Changes in elemental correlations by reach suggest that the
sources of metal-enriched sediment change along the length of
the drainage. Metal contents of suspended sediment generally
increase through the mining district along the South Fork of
the Coeur d’ Alene River, decrease below the confluence of the
North and South Forks, and then increase again downstream of
the gradient flattening below Cataldo. Metal contents of sus-
pended sediment in the Spokane River below Coeur d’Alene

'Eastern Washington University, Cheney,Wash.

Lake were comparable to those of suspended sediment in the
main stem of the Coeur d’Alene River above the lake during
the 1997 spring runoff, but with somewhat higher Zn contents.
Daily suspended-sediment loads were about 100 times larger
in the 1996 flood (50-100-year recurrence interval) than in the
smaller 1997 floods (2-5-year recurrence intervals). Signifi-
cant differences in metal ratios and contents are also appar-
ent between the two flood types. The predominant source of
suspended sediment in the larger 1996 flood was previously
deposited, metal-enriched flood-plain sediment, identified by
its Zn/Pb ratio less than 1. Suspended sediment in the smaller
1997 floods had metal ratios distinct from those of the flood-
plain deposits and was primarily derived from metal-enriched
sediment stored within the stream channel, identified by a
Zn/Pb ratio greater than 1. Sediment deposited during over-
bank flooding on the immediate streambank or natural levee of
the river typically consists of sandy material with metal ratios
and contents similar to those of the sandy streambed sediment
in the adjacent river reach. Samples of overbank deposits in
backlevee marshes collected after the 1996 flood have metal
ratios similar to those of peak-flow suspended sediment in the
same river reach, but generally lower metal contents.

Introduction

The South Fork of the Coeur d’ Alene River in northern
Idaho (fig. 1) drains the Coeur d’ Alene Mining District, one of
the world’s largest producers of silver and one of the Nation’s
largest producers of lead and zinc (Long, 1998). More than
130 million tons of Pb-Zn-Ag sulfide ores has been mined
from more than 20 major mines in the district since 1885
(Long and others, 1998). From the onset of ore production in
the 1880s to 1968, most of the ore-concentration mills in the
district piped or flumed pulverized waste material (“tailings™)
from the concentration process directly into the river, resulting
in gray opaque river water charged with suspended sediment
year round (Ellis, 1940). This sediment overloading of the
river, along with the flat-bottomed topography of the Coeur
d’Alene River valley and its history of repeated inundation,
resulted in incorporation of this metal-enriched material into
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stream sediment and flood-plain soils over nearly the entire
length and breadth of the valley floor from the mining district
downstream into Coeur d’ Alene Lake, a distance of about 60
mi (Bookstrom and others, 2001). Direct dumping of tailings
into the river stopped in 1968, when tailings-settling ponds

became legally required for all active mining operations remobilized by both physical and chemical processes.

(Long, 1998). Since that time, the river water has substantially
cleared, and suspended-sediment concentrations are elevated

47.5°

47.5°

47.5°

116°

T
Spokane River

Coeur d'Alene
N North Fork
Coeur d'Alene .
Mining District -
Coeur Smelterville Kellogg
' Rose Cataldo 3 \ 9 / )
d'Alene Lake 6 South Fork .
Lake 7 g X g, & Burke
5 Kingston o B -: Ly WORM -S@
i Coeur d’Alene os N Elizabeth /)Osburn
: & River &/ Park [yt
‘.,AWaIIace,"
Harrison ST  Wallac e
Bunker Hill
Superfund site
St. Joe

A River

|

116°
North Fork T
Rose Cataldo Kellogg

Coeur Coeur d'Alene |,

d'Alene

Burke

Mullan |

Wallace

South Fork

North Fork

4
J R
Coeurd’Alene |,,. B  Catado

Coeur
d'Alene
Lake

Wallae 23
South Fork

f

0 5 10 MILES
IS I

Figure 1. Eastern part of the Coeur d'Alene-Spokane River system in northern Idaho, showing locations of
sampling sites for suspended sediment during peak streamflow of February 9-10, 1996 (A4; red circles), January
2,1997 (B; green triangles), and May 19-20, 1997 (C; dark-blue squares). Blue italic numbers, river miles below
Mullan. See table 1 for analytical data.

only during times of high runoff. Despite this remedial action,
however, sedimentation rates and metal contents of new sedi-
ment deposited in Coeur d’ Alene Lake have not decreased
since 1968 (Horowitz and others, 1995), as previously depos-
ited metal-enriched sediment in the valley continues to be

Sediment carried during high-flow events typically is
physically remobilized from unconsolidated materials within



the drainage basin, although precipitation of solids and (or)
ionic sorption onto solids from the dissolved state can also
occur, owing to changing chemical conditions in the stream.
Flood-sediment sources consist of erodible materials exposed
in streambeds, streambanks, and flood plains of the Coeur

d’ Alene-Spokane River system (figs. 1, 2). Although these
source materials may undergo geochemical changes (weath-
ering) under various surface conditions during the year,
incorporation of the source materials into the suspended-sedi-

Introduction

ment load is generally dominated by physical processes. The
elemental composition of a particular flood-sediment sample
is controlled by the mixture of source materials accessed by
floodwaters upstream from the sampling site, the degree to
which the shear stress of the flowing waters can overcome the
inertia of source particles, and the subsequent sorting (based
on particle size and density) of the mobilized material by the
floodwaters. These factors can change during a high-flow
event, and so suspended-sediment concentrations and their
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elemental composition can change accordingly over the dura-
tion of the event (Horowitz and others, 1990).

We collected samples of sediment mobilized in the Coeur
d’ Alene-Spokane River system (figs. 1-3) during and after
four high-flow episodes in 1995, 1996, and 1997 to charac-
terize its elemental composition and downstream variation
during an individual high-flow event, and its variation between
different high-flow events. Three sample media were used
for this study: (1) fine suspended sediment, collected during
peak flow; (2) sandy sediment deposited on the immediate
streambank or natural levee of the river during overbank flood-
ing; and (3) fine sediment deposited in backlevee marshes
at a greater distance from the river channel during overbank
flooding. These three sample media represent flood-mobilized
sediment that was sampled on different time scales (instanta-
neous versus cumulative high-flow event) and with different

Stream-Sediment Geochemistry in Mining-Impacted Streams: Coeur d’Alene-Spokane River System

sorting histories (washload sediment in true suspension, levee
sediment deposited from traction currents, and marsh sediment
deposited from part of the washload).

In this report, we present the results of chemical analyses
of flood sediment from the Coeur d’Alene-Spokane River
system (figs. 1-3) and discuss how the data constrain our
understanding of the sources and processes that control the
elemental composition of sediment mobilized during high-
flow events. We begin by describing the drainage basin in and
downstream from the mining district and the several sampled
high-flow events. We compare the downstream variations
in metal contents and loads for each high-flow event and
for each sample media. Finally, we discuss the variations in
elemental composition in terms of their relevance to under-
standing the variations in flood-sediment sources during high-
streamflow events.
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Eastern part of the Coeur d’Alene-Spokane River system in northern Idaho (see fig. 1 for index map), show-

ing locations of sampling sites for sediment deposited on streambanks during peak streamflow of February 21, 1995 (A;
tan triangles), and for sediment deposited on streambanks (B; green squares) and sediment deposited in marshes (C;
pink circles) during and after peak streamflow of February 9-10, 1996. See table 2 for analytical data.



Background

Description of the Drainage Basin

The drainage basin of the Coeur d’ Alene-Spokane River
system in northern Idaho and eastern Washington (figs. 1, 2)
that is impacted by mining can be divided into four reaches.
The first reach comprises the South Fork and main stem of
the Coeur d’Alene River between the confluence of the North
and South Forks and the gradient flattening downstream from
the town of Cataldo, Idaho. In this reach, the river runs in a
braided, cobbly channel flanked by a sandy flood-plain surface
of varying width (O—1 mi). The channel in several segments
of this reach has been significantly modified with artificial
riprap banks and levees and is spanned by numerous bridges.
The second reach comprises the lower Coeur d’ Alene River
from below Cataldo to the delta into Coeur d’ Alene Lake at
Harrison, Idaho. In this reach, the river runs in a deep, sand-
bottomed channel through a wide (0.3-2.0 mi) marshy valley
flanked by narrow (avg 0.12 mi wide) natural levees. During
low-flow periods, the channel in this reach is backflooded by
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the waters of Coeur d’Alene Lake. The third reach comprises the
main body of Coeur d’Alene Lake, a natural lake that drowns

a Quaternary river valley. The lake has two main tributaries of
approximately equal size: the Coeur d’ Alene and St. Joe Rivers.
The lake has relatively steep bedrock walls and water depths of
as much as 250 ft (Woods and Berenbrock, 1994). The fourth
reach comprises the Spokane River, which flows westward out
of the north end of Coeur d’Alene Lake to Spokane, Wash. In
this reach, the river runs in a cobble- and boulder-filled chan-
nel incised into Quaternary glacial-outburst-flood gravel, with
almost no natural flood plain (Box and Wallis, 2002). A longitu-
dinal plot of the stream gradient of the Coeur d’ Alene-Spokane
River system is shown in figure 4.

The responses of these four river reaches to high-flow
conditions differ in relation to the valley characteristics. In the
first reach, where unconstrained by artificial modifications,
the river occupies a broad channel during times of high runoff,
with cutbanks of metal-enriched (relative to premining depos-
its or sediment along unmined tributaries), sandy flood-plain
deposits. As a result of flood-plain aggradation during the
first decades of mining activity, very little of what is consid-
ered to be the alluvial flood plain along the South Fork of the
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Figure 4. Longitudinal stream gradient of the Coeur d’Alene-Spokane River system from upstream, east of Wallace, Idaho (right) to

downstream, west of Spokane, Wash. (left; see figs. 1 and 2 for locations). Steep upstream gradient at Wallace gradually decreases
to just below Cataldo, where waters of Coeur d’Alene Lake backflood lower 28 mi of the Coeur d’Alene River channel. Lake waters
are impounded by a bedrock constriction on the Spokane River at Post Falls, now augmented by the Post Falls dam.
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Coeur d’Alene River in the mining district was flooded during
1995-97 high-flow events, even though the February 1996
flood was one of the three highest flows recorded on the South
Fork since 1920. During low-flow conditions, water occupies
only a narrow strip of the high-water channel.

In the second reach, the Coeur d’ Alene River fills a nar-
row, deep channel floored by metal-enriched sand and flanked
by narrow natural levees and cutbanks of metal-enriched fine
sand and silt. A wide flood plain of backlevee marshes and
shallow flood plain lakes is generally connected to the river
channel by natural or manmade side channels (Bookstrom and
others, 1999). For most of the year, the channel is backflooded
by the waters of Coeur d’Alene Lake to a point just below the
town of Cataldo, Idaho (fig. 1). Current is perceptible only
during high-flow events; flow velocity reached more than 7
ft/s during the February 1996 flood (M.A. Beckwith, written

commun., 1996). The river-surface elevation in this reach is
controlled both by the flow rate on the Coeur d’ Alene River
upstream at Cataldo and by the surface elevation of Coeur

d’ Alene Lake downstream. Overbank flooding occurs in most
years, and nearly all of the flood plain was inundated during
each of the sampling events in this study.

In the third reach, the surface elevation of Coeur d’Alene
Lake is controlled from mid-June to mid-November by a gated
dam at Post Falls, Idaho (figs. 2, 4). All the sampling events in
this study was conducted while the dam gates were wide open,
at which times the outflow from the lake is restricted by a nar-
row bedrock gorge at the damsite at Post Falls, such that the
natural outflow rate is directly correlative with the lake-surface
elevation. During high-flow events on the main tributaries to
the lake (Coeur d’Alene and St. Joe Rivers), inflow exceeds
outflow, causing the lake level to rise until outflow equals
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Figure 5. Hydrograph of mean daily streamflow at U.S. Geological Survey gaging stations on the South Fork of the Coeur d'Alene

River at Elizabeth Park, Idaho (dark-blue curve), on the Coeur d'Alene River at Cataldo, Idaho (red curve), and on the Spokane River
at Spokane, Wash. (light-blue curve) during water years 1995, 1996, and 1997 (see figs. 1 and 2 for locations). Arrows denote points
on hydrograph when samples of flood sediment (suspended sediment during high-flow event and overbank deposits after waning of

the high-flow event) were collected.



inflow. As high flow on the tributaries diminishes, outflow
exceeds inflow and the lake level falls until outflow and
inflow are equal. Average residence times for lake water were
calculated for water years 1991 and 1992 at 160 and 325 days,
respectively (Woods and Beckwith, 1995). The traveltime of
water (and suspended sediment) from the inlet at Harrison,
Idaho (fig. 1) to the outlet at Coeur d’Alene, Idaho, during
high-flow events (for example, the May 1997 flood) is much
shorter than these average residence times during runoff events
(on the order of days to weeks), because of faster movement of
the shallow lake waters (P.F. Woods, written commun., 2000).
In the fourth reach, the Spokane River flows westward
in a shallow channel incised into coarse Quaternary gravel.
Most of the channel is occupied even at low water, with almost
no natural flood plain. Deposits of sand or finer material are
scarce (except behind the Upriver dam) above Spokane Falls
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(Box and Wallis, 2002). The Upriver dam backs up a small
reservoir in the incised channel for about 1 mile. No surface-
water tributaries join the Spokane River from the outlet of
Coeur d’Alene Lake to just west of Spokane Falls, where the
river turns northward at the inflow of Latah Creek (figs. 2, 4).

Description of the Floods of 1995, 1996, and 1997

Several high-flow events occurred in the Coeur d’ Alene-
Spokane River system (figs. 1, 2) during water years 1995, 1996,
and 1997 (fig. 5; U.S. Geological Survey, 1996, 1997, 1998).
Winter (between mid-November and mid-March) high-flow
events typically result from warm Pacific winter storms (“pine-
apple express”) that bring a sudden warming to above-freezing
temperatures and, commonly, heavy rains to northern Idaho.
Rapid snowmelt produces an abrupt increase in runoff to peak
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Figure 6. Hydrograph of mean daily streamflow at U.S. Geological Survey gaging station on the Coeur d'Alene River at Cataldo,
Idaho (thin line, with scale on left axis), during high-flow event of February 20, 1995, with river-surface elevation at U.S. Geological
Survey gaging station on the Coeur d'Alene River at Rose Lake, Idaho (thick line, with scale on right axis) shown for comparison.
Rose Lake gaging station is near upstream end of 28-mi-long backflooded reach of the lower Coeur d’Alene River, where river eleva-
tion is controlled both by inflow from river at Cataldo and by lake-surface elevation. Overbank deposits from this high-flow event

were sampled at six sites (fig. 34) on February 23, 1995.
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Hydrograph of mean daily streamflow at U.S. Geological Survey gaging stations on the South Fork
of the Coeur d’Alene River at Elizabeth Park, Idaho (A), and on main stem of the Coeur d'Alene River at Cataldo,

ROSE LAKE, IN FEET ABOVE SEA LEVEL

Idaho (B; thin line, scale on left axis), for 30-day period surrounding the high-flow event of February 9, 1996, with
mean daily river-surface elevations at U.S. Geological Survey gaging station on the Coeur d'Alene River at Rose

Lake, Idaho (B; thick line, scale on right axis) shown for comparison (see fig. 1 for locations). Arrows denote

points on hydrograph when suspended-sediment samples were collected. Overbank deposits from this event
were sampled at 18 sites (figs. 3B, 3C) after floodwaters receded in March and April 1996.



flow from winter base-level flows; an equally abrupt cooling to
below-freezing temperatures after storm passage returns the run-
off to midwinter low-flow levels more gradually. The February
1995, February 1996, and January 1997 high-flow events were
all of this abrupt type. Spring runoff (mid-March to mid-June)
results from melting of the winter snowpack. The gradual, sus-
tained snowmelt produces a broad runoff high, on which spring
rainstorms superimpose sharper runoff peaks. The spring runoff
of April through June 1997 was of this more gradual type.

The February 1995 flood (fig. 6) was the highest flow
on the Coeur d’ Alene River recorded since 1982 and the first
peak flow greater than 15,000 ft*/s recorded since April 1991.
Instantaneous peak flow on February 20 for the main stem of
the Coeur d’ Alene River at Cataldo, Idaho (fig. 1) was 35,200
ft¥/s, the eighth-highest peak flow recorded since 1920, with
a calculated recurrence interval at Cataldo of about 10 years
(Kjelstrom, 1996). The water-surface elevation of the lake-
influenced lower Coeur d’ Alene River at the Rose Lake gage
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below Cataldo rose 11 ft in 3 days (fig. 6), attaining a maximum
elevation of 10 ft above summer lake-surface elevation (2,125 ft
above sea level) on February 21 and a maximum current veloc-
ity greater than 5 ft/s (M.A. Beckwith, written commun., 1996).
Almost no overbank flooding occurred along the South Fork,
and only minor overbank flooding occurred on the main stem of
the Coeur d’ Alene River above Cataldo. Most of the flood plain
below Cataldo was inundated, except for that part south of the
river protected by a railroad embankment and the crests of some
natural levees in the upper half of the valley below Cataldo.
Streambank flood deposits were sampled at six sites on the
Coeur d’Alene River below Cataldo through the upper half of
the lower Coeur d’ Alene Valley on February 23 (fig. 3A).

The February 1996 flood (fig. 7) had the second-highest
flow on the Coeur d’Alene River recorded at the U.S. Geo-
logical Survey gaging station at Cataldo (fig. 1) since gaging
began in 1920, surpassed only by the flood of January 1974
(Beckwith and others, 1996). Using data from the Spokane
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Hydrograph of mean daily streamflow at U.S. Geological Survey gaging station on the South Fork of the Coeur d’Alene

River at Elizabeth Park, Idaho (fig. 1), for 24-day period centered on the high-flow event of January 1, 1997. Arrow denotes point on

hydrograph when suspended-sediment samples were collected.
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Hydrograph of mean daily streamflow at U.S. Geological Survey gaging stations on the South Fork of the

ROSE LAKE, IN FEET ABOVE SEA LEVEL

Coeur d’'Alene River at Elizabeth Park, Idaho (A), and on main stem of the Coeur d’Alene River at Cataldo, Idaho (B; thin
line, with scale on left axis) and on the Spokane River at Spokane, Wash. (B; thick gray line, with scale on left axis), for
120-day period in spring 1997, with mean daily river-surface elevations at U.S. Geological Survey gaging station on the
Coeur d'Alene River at Rose Lake, Idaho (B; thick black line, scale on right axis) shown for comparison (see figs. 1 and
2 for locations). Arrows denote points on hydrograph when suspended-sediment samples were collected.



River gage at Spokane (fig. 2), with a period of record dat-

ing back to 1891, the February 1996 flood apparently had the
second-highest peak flow on the Coeur d’ Alene River since at
least 1891, soon after production began in the Coeur d’Alene
Mining District. Instantaneous peak flow on February 9 for the
South Fork of the Coeur d’ Alene River at Elizabeth Park (fig.
1) was 9,600 ft¥/s and for the main stem at Cataldo was 68,300
ft*/s, with a calculated recurrence interval at Cataldo of about
100 years (Kjelstrom, 1996). The water-surface elevation of the
lake-influenced lower Coeur d’ Alene River at Rose Lake (fig.
1) rose 17 ft in 4 days (fig. 7B), attaining a maximum eleva-
tion of 14 ft above summer lake-surface elevation on Febru-
ary 10 and a maximum current velocity in the channel greater
than 7 ft/s on February 9 (Mike Beckwith, written commun.,
1996). Minor overbank flooding occurred along the South
Fork, but major overbank flooding occurred on the main stem
of the Coeur d’Alene River above Cataldo, causing extensive
flood damage in the towns of Cataldo and Kingston. The
entire flood plain below Cataldo was inundated, including the
railroad embankment, which was washed out in many places.
Suspended sediment was sampled at 10 sites on the South Fork
and main stem of the Coeur d’Alene River during the 24 hours
surrounding the peak flow on February 9 and 10 (fig. 14).
Sediment deposited on streambanks and in marshes during the
February flood was sampled at 18 sites along the same channel
segment on March 28 and April 12 (figs. 3B, 3C).

The January 1997 high-flow event (fig. 8) was much
smaller than the previous two floods. Instantaneous peak
flow on January 1 for the South Fork at Elizabeth Park
(fig. 1) was 3,840 ft¥/s and for the main stem of the Coeur
d’Alene River at Cataldo was 20,800 ft/s, with a calculated
recurrence interval at Cataldo of about 2 years (Kjelstrom,
1996). Suspended sediment was sampled at five sites on the
South Fork and its tributaries after peak flow on January 2
(fig. 1B), when daily mean streamflow on the South Fork
was 1,890 ft¥/s (fig. 8).

The May 1997 flood (fig. 9) occurred as a long-delayed
spring runoff from an abnormally heavy winter snowpack. Sev-
eral flow peaks occurred between March 21 and June 1. Instanta-
neous peak flow for the South Fork at Elizabeth Park (fig. 1) was
4,230 ft*/s on May 17; peak flow on the main stem of the Coeur
d’Alene River at Cataldo was 23,300 ft*/s on May 16, with a
recurrence interval at Cataldo of about 3—4 years (Kjelstrom,
1996). The water-surface elevation of the lake-influenced lower
Coeur d’Alene River at Rose Lake increased 11 ft in 30 days
(fig. 9B), attaining a maximum elevation of 11 ft above summer
lake-surface elevation on May 17 and a maximum current veloc-
ity in the channel estimated at less than 2 ft/s. The long-duration
runoff maintained a high surface elevation of Coeur d’Alene
Lake throughout the month of May, resulting in persistent high
flow on the Spokane River below the lake outlet. Instantaneous
peak flow for the Spokane River at Post Falls (fig. 2) was 43,900
ft¥/s on May 19 (fig. 9B), the fourth-highest flow on the Spokane
River since 1891, with a calculated recurrence interval at Post
Falls of 25 years (Kjelstrom, 1996). Total runoff on the Spokane
River for May 1997 was the highest monthly volume recorded
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since gaging began in 1891. Almost no overbank flooding
occurred during May 1997 along the South Fork or main stem
of the Coeur d’ Alene River above Cataldo, or along the Spo-
kane River. In contrast, the entire flood plain in the lower Coeur
d’Alene River valley below Cataldo was inundated throughout
the month of May, owing to the high surface elevation of Coeur
d’Alene Lake. Suspended sediment was sampled at 22 sites on
the South Fork and main stem of the Coeur d’ Alene River (fig.
1C) on May 20 (after peak flow), on the Spokane River at 4 sites
(fig. 2A) on May 2 (before peak flow), and on the Spokane River
at 5 sites (fig. 2B) on May 19-20 (during peak flow).

Sampling and Analytical Methods

A total of 42 suspended-sediment samples were collected
from the Coeur d’ Alene-Spokane River system during peak
flows on February 9-10, 1996, January 2, 1997, and May
19-20, 1997. The suspended-sediment samples analyzed in
this report represent grab samples of the washload portion of
the total sediment load in suspension at the time of sampling.
Samples were collected in February 1996 from the river’s edge
directly into 2-gal plastic Ziploc bags held below the surface
of the water. All other samples (except samples 10 and 22,
collected as above) were collected with a 1-gal plastic bucket
tied to a rope and thrown into the center of the stream from
the downstream side of a bridge. Upon retrieval of the bucket,
samples were transferred to 1-gal plastic Ziploc bags. Samples
were transported to the laboratory and allowed to settle.

Suspended sediment was extracted from the 1996 and 1997
samples by slightly different procedures. The 1996 samples
were allowed to settle for 2 weeks. Clear water was poured off
the top of the bag until about 0.5 L remained. The sample was
then transferred to a glass jar, and both the glass jar and plastic
bag were heated in an oven at 80°C for several days. Clean
sample containers were labeled and weighed, the dried sediment
from both the glass jar and plastic bag was transferred to them,
and the containers were reweighed. The 1997 samples were
allowed to settle for 3 weeks. Clear water was then poured off
the top of the bag until 1 to 2 L remained. The sample was then
transferred to a glass jar and again allowed to settle for 24 hours.
Clear water was poured off the top of the jar until about 200 mL
remained, which was spun in a centrifuge on a high setting for 4
minutes. All but about 10 mL was poured off, and the centrifuge
vials were heated in an oven at 80°C overnight. Clean sample
containers were labeled and weighed, the dried sediment was
transferred to them, and the containers were reweighed.

Suspended-sediment concentrations were measured by
dividing the dry weight of solid by the volume of water sam-
pled. The suspended-sediment concentrations reported here
are for grab samples of the fine fraction or washload portion
of the suspended-sediment load and are almost certainly less
than the cross-section-integrated suspended-sediment concen-
trations (U.S. Geological Survey, 1984). However, washload
materials (<0.063-mm-diameter grains) typically are dispersed
relatively uniformly throughout the water column, and com-
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parison of the suspended-sediment (washload) concentrations
between sampling sites during a single high-flow event and
between different high-flow events should be acceptable.

A total of 24 samples of sediment from streambank and
flood-plain settings, deposited during overbank flooding in
February 1995 and February 1996, were collected in late
February 1995 and in late March—early April 1996, respec-
tively, after the floodwaters had receded. Samples of stream-
bank or natural-levee deposits (within 200 ft of the river’s
edge) were collected with a plastic trowel into labeled plastic
bags. Samples of recent flood sediment were collected above
a recognizable preflood surface, typically identified by a flat-
tened-vegetation-mat horizon. Samples of marsh sediment,
deposited during the February 1996 overbank flood, were col-
lected from surfaces of vegetation, rocks, or fenceposts in late
March and early April after the floodwaters had receded, into
labeled plastic bags. Samples were dried for 24 hours in the
drying oven at 80°C. Streambank samples were pulverized in a
chromium-steel ball mill to minus-200 mesh.

Samples were analyzed in the geochemical laboratory of
Eastern Washington University, Cheney. For most samples,

a 250-mg aliquot of the prepared sample was weighed in a
Teflon beaker, except for some suspended-sediment samples
for which the weight ranged from 25 to 250 mg. First, 2 mL
of HNO, and 1 mL of HCIO, was added to the sample, fol-
lowed by heating until its volume was reduced to about half.
Then 3 mL of HF and 5 mL of aqua regia was added to the
sample, which was heated to dryness. Another 5 mL of aqua
regia was added to the sample to completely break down any
sulfide minerals. The sample was again heated to dryness, and
the residue was dissolved in 4 mL of 1:1:2 HCI-HNO,-H,O by
gently warming the solution. Finally, the sample was diluted to
a volume of 25 mL with distilled-deionized water, and the solu-
tion was transferred to a 60-mL polyethylene bottle. Preparation
blanks, duplicates, and reference standards were carried through
the same procedure. Only Baker Instra-analyzed acids and high
purity distilled-deionized water (similar to American Society
for Testing and Materials type I water) were used throughout
the digestion procedures and dilutions.

Contents of 28 elements (As, Ba, Be, Cd, Ce, Co, Cr, Cs,
Cu, Ga, K, La, Mo, Ni, P, Pb, Rb, Sb, Sn, Sr, Th, T1, U, V, W,
Y, Zn, and Zr) were determined by inductively coupled plasma
mass spectrometry (ICP-MS), using a Perkin-Elmer Sciex
model 5000 instrument. For ICP-MS analyses, the sample
solutions were further diluted by a factor of 10 with distilled-
deionized water, and Sc, Rh, and Ho were used as internal
standards. The concentration of HCI and HNO, in final diluted
solution was 0.4 volume percent. Contents of six elements
(Al Ca, Fe, Mg, Mn, and Ti) were determined by inductively
coupled plasma atomic-emission spectrometry (ICP-AES),
using a Perkin-Elmer model ICP/6000 instrument. When
Pb and Zn contents were high, the samples were reanalyzed
by ICP-AES. Ag content was determined by using a flame
atomic-absorption spectrophotometer, a Perkin-Elmer model
5000 instrument; a high-sensitivity nebulizer was used for
determining low Ag contents.

The precision of these analyses is better than +5 percent,
established by duplicate analyses of numerous stream-sedi-
ment samples and reference standards. To estimate the accu-
racy of the chemical analyses, National Institute of Standards
& Technology (NIST) standard reference materials (SRM)
2710 and 2711 (Montana soils) and USGS reference stand-
ards GXR-2 and AGV-1 were analyzed with each batch of
samples. The results obtained in this study for major and trace
elements agreed closely with certified or recommended values.
The contents of some elements, particularly Ba, Cr, Ti, and Zr,
were about 5 to 10 percent lower, possibly owing to incom-
plete recovery of these refractory elements. The contributions
from blanks were negligible; the contents of most elements in
the blanks were below detection limits. Details concerning the
accuracy and precision of the analyses of another sample set of
stream sediment and streambank and marsh deposits from the
drainage basin by the geochemical laboratory at Eastern Wash-
ington University were reported in Box and others (2001).

Results

Sampling sites for suspended sediment from the South
Fork and main stem of the Coeur d’Alene River are located in
figure 1 and from the Spokane River in figure 2, and sampling
sites for overbank deposits from the South Fork and main stem
of the Coeur d’Alene River are located in figure 3; correspond-
ing analytical data are listed in tables 1 and 2. Some of the
samples of suspended and marsh sediment collected from the
February 1996 flood were examined by using scanning electron
microscopy (SEM) to identify the various mineral phases that
incorporate heavy metals (Robert Hooper, written commun.,
1998). Most of the Pb and Zn observed in the samples with
SEM is associated with amorphous Fe and Mn oxyhydrox-
ide compounds as irregular grains or as surface coatings on
other grains. A minor amount of Pb is carried as Pb carbonate
(another weathering product of the original sulfide minerals)
and as tiny Pb sulfide grains. A small but ubiquitous compo-
nent of Zn sulfide grains is also present in most samples. In the
original ores, these four metals occur primarily as sulfide and
associated sulfur-bearing minerals (except Mn, which occurs as
a major impurity in siderite [Fe carbonate], an uneconomic vein
mineral; Fryklund, 1964). These sulfide minerals are unstable
in oxygen- and water-rich surface soils, where they break down
into their constituent elements and reprecipitate into more
stable secondary phases (Balistrieri and others, 2003).

Downstream Trends in Suspended-Sediment
Concentration and Load

Suspended-sediment concentrations (in weight of sedi-
ment per volume of water), as reported here, consist of the
silt- and clay-size washload fraction of the total cross-sec-
tion-integrated suspended-sediment concentration of Edwards
and Glysson (1999); this fraction is generally considered to



be evenly distributed throughout the channel cross section
(Horowitz and others, 1990) and does not include sandier
suspended material, which is concentrated near the streambed
surface and decreases in concentration upward in the water
column. Suspended-sediment loads (in tons of sediment mov-
ing past a particular sampling site per day) were estimated
for the day of sampling at many of our sites by multiplying
the measured suspended-sediment concentration by the mean
daily streamflow (as extrapolated from nearby U.S. Geological
Survey gaging-station data), using the appropriate units. The
data used in these calculations are listed in table 3.

Suspended-sediment concentrations (fig. 10A4) and loads
(fig. 10B) during the February 1996 flood were much higher
(by one and two orders of magnitude, respectively) than dur-
ing either of the sampled 1997 high-flow events. Ignoring for
a moment the two samples with sharply lower suspended-sedi-
ment concentrations collected at mi 24 and 38, suspended-sed-
iment concentrations in 1996 increased downstream to a peak
on the South Fork of the Coeur d’Alene River at Smelterville
(mi 22) and gradually decreased farther downstream. In con-
trast, the suspended-sediment load peaked below the conflu-
ence of the North and South Forks of the Coeur d’ Alene River
(because of the much higher discharge below the confluence)
and gradually decreased farther downstream. The two samples
with anomalously lower suspended-sediment concentrations
at mi 24 and 38 were collected in situations that may have
resulted in the lower concentrations: the sample at mi 24 was
collected about 20 hours after peak flow, when the river-sur-
face elevation at that site had fallen 3.5 ft; the sample at mi 38
was collected at peak flow but along the upstream, distal edge
of an overbank eddy about 100 ft from the channel edge.

The downstream trends in suspended-sediment concen-
tration and load on the Coeur d’Alene River during the wan-
ing flows on May 20, 1997, show similar patterns to those of
the February 1996 trend but at lower values (figs. 104, 10B).
Suspended-sediment concentrations gradually increased from
above Mullan downstream to Wallace (fig. 1), were nearly
static in the South Fork of the Coeur d’Alene River below
Wallace (with one unexplained anomalously low value at mi
12), and decreased abruptly below the confluence with the
much larger North Fork (at mi 27). The suspended-sediment
load gradually increased downstream from the South Fork
into the main stem of the Coeur d’ Alene River and remained
at the same level farther downstream into the lower Coeur
d’Alene River (fig. 10B).

Suspended sediment in the Spokane River was sampled
twice during May 1997 high-flow event. In both sampling
events, suspended-sediment concentrations in the Spokane
River were very low relative to those in the South Fork and
main stem of the Coeur d’ Alene River (generally, the Spokane
River was perceived as being “clear” during both sampling
events), gradually increasing downstream between Coeur
d’Alene Lake and Spokane Falls (downtown Spokane, fig. 2)
and increasing more sharply below the muddy inflow of Latah
Creek below Spokane Falls (mi 122). Sediment concentrations
in the Spokane River on May 19-20 were higher than those
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on May 2. The suspended-sediment load on May 19-20 in the
Spokane River at the lake outlet (peak flow) was about a third
that on the Coeur d’ Alene River (waning flow) and gradually
increased downstream to values similar to, and even slightly
larger than, those in the Coeur d’ Alene River.

Downstream Trends in the Metal Contents of
Suspended Sediment

In this section, we consider downstream trends in the
contents of four mining-related elements (Pb, Zn, Fe, and
Mn) in samples of suspended sediment collected during the
199697 high-flow events. Lead and zinc are relatively enriched
in mined materials in the Coeur d’ Alene Mining District and,
when enriched in sediment, can significantly impact aquatic and
human health. Iron and manganese are less enriched in sedi-
ment but play an important role as precipitated oxyhydroxide
compounds onto which lead, zinc, and other metals sorb. Docu-
menting the downstream compositional trends of these metals
in suspended sediment is a first step toward understanding the
sources and processes that control those compositions.

The elemental composition of suspended sediment changes
along the flowpath of a stream by input from several sources,
including (1) new material that is added from tributaries; (2)
new material that is added by resuspension from, or subtracted
by deposition onto, the streambed or flood plain of the stream;
(3) new solids that are precipitated or dissolved in, or ions that
are adsorbed from solution onto or desorbed into solution from,
existing solids (as inflowing tributary or ground water mix into
the stream, as conditions change within the stream, or by bio-
logic processes); and (4) new material that is added by atmos-
pheric fallout. During high-flow events, the first two sources are
expected to be the most important; the second two sources may
deposit materials in or on (or remove them from) the streambed
and flood plain over a water year, affecting the mix of materials
resuspended during subsequent high-flow events.

During suspended-sediment sampling on May 20, 1997,
Pb and Zn contents increased downstream on the South Fork
from upstream of Mullan (fig. 1) to its mouth and progres-
sively decreased farther downstream along the main stem of
the Coeur d’Alene River (fig. 11). Fe and Mn contents also
generally increased downstream along the South Fork, with
some subparallel irregularities along the way. Fe contents
continued to increase farther downstream in the main stem of
the Coeur d’ Alene River, whereas Mn contents peaked just
below the confluence of the North and South Forks and then
decreased farther downstream in the main stem. All metal
contents increased again in the Spokane River below the lake
outlet, decreased just above Post Falls Dam (mi 92.3), and
gradually increased downstream to Spokane Falls to val-
ues similar to or higher than those at Cataldo on the Coeur
d’ Alene River. During suspended-sediment sampling on May
2, 1997, metal contents were generally similar to, but lower
than, those during peak flow on May 19-20. The sample col-
lected farthest downstream on the Spokane River on May 2,
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Figure 10. Suspended-sediment concentrations in grab samples collected from the South Fork of
the Coeur d'Alene River, main stem of the Coeur d’Alene River, and the Spokane River (“main”) and
their tributaries (“tribs”) (A), and daily suspended-sediment loads at sampling sites for which mean
daily streamflow could be extrapolated from nearby U.S. Geological Survey gaging stations (B),

versus downstream distance from Mullan, Idaho (see figs. 1 and 2 for locations), during high-flow

events in 1996 and 1997. Tributary samples are plotted at downstream distance of tributary mouth

from Mullan, Idaho. Data points for samples collected from “main” during a single high-flow event
are connected by lines. See table 3 for analytical data.



which had significantly lower Pb, Zn, and Mn contents but
slightly higher Fe content, was apparently diluted by inflow of
metal-poor suspended sediment from Latah Creek.

The downstream trend in the elemental composition of
suspended sediment during the February 1996 flood shows a
strikingly different pattern from that of the May 1997 flood
(fig. 11). All metal contents except Zn were higher on the South
Fork of the Coeur d’ Alene River in the February 1996 flood,
with a sharp peak at the Smelterville Bridge near the middle of
the Bunker Hill Superfund site (mi 22.4, fig. 1). Metal contents
reached a minimum at the sampling site on the Coeur d’ Alene
River just below Cataldo (mi 32.0, fig. 1). All metal contents in
suspended sediment were considerably lower (except Fe, which
was unchanged) at Cataldo in February 1996 than in May 1997
and were similar to those on the South Fork at Wallace from
May 1997. Below Cataldo, metal contents gradually increased
downstream to a sharp peak just above Coeur d’Alene Lake.
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Samples of fine sediment coating marsh vegetation and
other objects, collected after the recession of the February
1996 flood (fig. 3B; table 2), represent samples of suspended
sediment accumulated over the period of flood-plain inun-
dation, as opposed to the instantaneous samples collected
from the water column during peak flow. Metal contents in
this marsh sediment are compared with those in peak-flow
suspended sediment in figure 11. Metal contents in a sample
of 1996 marsh sediment at Cataldo (mi 32), where flood-plain
inundation lasted about 1 day, were higher than in the cor-
responding sample of suspended sediment collected nearby
during instantaneous peak flow. Metal contents in samples of
1996 marsh sediment below Cataldo, where flood-plain inun-
dation lasted more than 2 weeks, varied widely, with a slightly
lower range than in corresponding samples of the instanta-
neous-peak-flow suspended sediment collected near the same
sites, and increased somewhat downstream.
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Figure 11.

Pb (A), Zn (B), Fe (C), and Mn (D) contents in samples of suspended sediment collected from the South Fork of the Coeur

d'Alene River, main stem of the Coeur d’Alene River, and the Spokane River (“main”) and their tributaries (“tribs”) and in samples

of sediment deposited in flood-plain marshes versus downstream distance from Mullan, Idaho (see figs. 1 and 2 for locations and
tables 1 and 2 for analytical data), during high-flow events in 1996 and 1997. Tributary samples are plotted at downstream distance
of tributary mouth from Mullan, Idaho. Data points for samples collected from “main” during a single high-flow event are connected
by lines. Note that in five samples collected from Canyon and Ninemile Creeks (near mi 7), Pb and, in three of these samples, Zn

contents plot offscale.
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Samples of suspended sediment were also collected at
the mouths of several tributaries during the February 1996,
January 1997, and May 1997 floods. A few tributaries were
sampled during more than one high-flow event. Canyon and
Ninemile Creeks (fig. 1), major mining-impacted tributaries
to the South Fork of the Coeur d’ Alene River at Wallace (mi
6.8, 7.7), were sampled during three and two high-flow events,
respectively. In these tributaries, Fe and Mn contents were
slightly higher, and Pb and Zn contents were significantly
higher (generally plotting off scale on fig. 11; see table 1),
than at the next downstream sampling site in the South Fork
during each high-flow event. Comparing high-flow events at
the same sampling sites, all metal contents were higher in the
February 1996 flood than in the two 1997 floods except Zn,
which was higher in the two 1997 floods.

Fe contents in suspended sediment from other tributaries
(sampled in either or both of the 1997 high-flow events) were
similar to those in 1997 samples from the adjacent reach of
the Coeur d’Alene River (except the sample from the mouth of
Fourth of July Creek at mi 37.9, which had a much higher Fe
content; figs. 1, 11). Pb and Zn contents in samples of sus-
pended sediment from three of these tributaries (Mill Creek,
mi 0.4; Government Gulch, mi 21.7; Page Creek, mi 23.8) are
higher, and from another three of these tributaries (Big Creek,
mi 15.3; Pine Creek, mi 24.8; Fourth of July Creek, both
upstream and at mouth, mi 38; fig. 11) much lower, than from
the adjacent reach of the Coeur d’ Alene River.

Downstream Trends in the Metal Loads in
Suspended Sediment

Metal loads in suspended sediment (in pounds of metal
in suspended sediment moving past a particular sampling site
per day) were estimated for the day of sampling at many of our
sites by multiplying the suspended-sediment load (in weight of
sediment per day, as calculated in a previous section) by the Pb
and Zn contents in that sample (table 3). The calculated metal
loads must be considered only approximate because the instan-
taneous suspended-sediment concentration and metal content
of that sample are implicitly assumed to represent daily aver-
ages when they are multiplied by the mean daily streamflow.
However, these approximate values suffice to allow recognition
of downstream trends in the metal loads in suspended sediment
during a single high-flow event and to allow general compari-
sons between different high-flow events.

Calculated daily Pb and Zn loads in suspended sediment
are plotted against distance along the river in figure 12. The
downstream changes in metal loads during a single high-flow
event were small relative to the contrast between different
high-flow events. Metal loads during the February 1996 flood
were about 100 times larger than at corresponding sites during
the May 1997 flood. During each high-flow event, Pb and Zn
loads in suspended sediment increased by a factor of 3 or 4
downstream in the South Fork (fig. 1) from Osburn (mi 12) to
its confluence with the North Fork (mi 27) and remained fairly

constant downstream in the main stem of the Coeur d’Alene
River during both events. Somewhat surprisingly, Pb and Zn
loads in the Spokane River during peak flow on May 19-20,
1997 were nearly equivalent to those in the South Fork and
main stem of the Coeur d’ Alene River on May 20. However,
because the samples of suspended sediment from the Coeur
d’ Alene River were collected 4 days after peak flow on that
reach, we suspect that the metal loads in suspended sediment
on that reach were at least somewhat higher during peak flow.
Pb and Zn loads in suspended sediment in the Spokane River
during peak flow on May 19-20, 1997, were more than double
those during the earlier, lower peak flow on May 2.

The downstream increases in suspended-sediment and
metal loads in the Spokane River during the two sampling peri-
ods in 1997 indicate that a significant proportion of the metal
load is being progressively mobilized out of the Spokane River
streambed sediment. At 20 mi below the lake outlet, about 70
percent of the Pb load and more than 80 percent of the Zn load
in suspended sediment in the Spokane River was derived from
sediment in its bed, overwhelming the suspended component
that transited the lake from the Coeur d’ Alene River.

Downstream Trends in the Metal Contents of
Streambank Flood Deposits

After the February 1995 flood and again after the February
1996 flood, samples of newly deposited flood sediment were
collected along the flanks of the river channel after high water
had subsided. Unlike the very fine grain size of the washload
suspended-sediment samples discussed above, these samples
typically consisted of fine sand but ranged in grain size from
silt to coarse sand (table 2). After the February 1995 flood,
samples of sediment deposited on the streambank by the flood
were collected for several miles both upstream and downstream
of the gradient break in the Coeur d’ Alene River below Cataldo
(figs. 1, 3A). After the February 1996 flood, streambank flood
deposits were sampled along a 40-mi reach from near Kellogg
on the South Fork of the Coeur d’ Alene River nearly to the
delta of the Coeur d’Alene River into Coeur d’Alene Lake (fig.
3A). Analyses of unfractionated samples of the 1995 and 1996
streambank flood deposits are listed in table 2.

In the more extensive sampling of streambank deposits
after the February 1996 flood (fig. 3B), metal contents gradu-
ally decrease from near Kellogg on the South Fork (fig. 13)
to Cataldo on the main stem of the Coeur d’Alene River, and
sharply increase beginning a few miles below Cataldo. Over
a 4-mi reach centered on mi 36 (fig. 13), Pb and Fe contents
more than double, while Zn and Mn contents more than
quadruple. Metal contents similarly increase downstream over
the same reach after February1995 flood, with nearly identical
values. Metal contents peak near mi 40 in the 1996 streambank
deposits and decrease downstream somewhat to the delta into
Coeur d’ Alene Lake (though still well above values at Cataldo).

Metal contents in the fine (<2-mm grain size) fraction
of samples of streambed sediment collected on the South
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Figure 12. Calculated daily loads of Pb (A) and Zn (B) in suspended sediment at selected
sampling sites versus downstream distance from Mullan, Idaho (see figs. 1 and 2 for locations),

during high-flow events in 1996 and 199

7. Daily metal loads were calculated by using meas-

ured suspended-sediment concentration, Pb and Zn contents in each sample, and daily mean

flow at that sampling site, extrapolated
Geological Survey gaging stations (see
channel (“main”) during February 1996

from daily mean streamflows measured at nearby U.S.
data listed in table 3). Samples collected along main
(red), early May 1997 (light blue), and late May 1997

(dark blue) are connected by colored lines.
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Fork and main stem of the Coeur d’Alene River in 1993 and
1994 (Box and others, 2001) are also plotted in figure 13. Pb
and Zn contents in the streambed sediment samples closely
correspond to those in the 1995 and 1996 streambank flood
deposits at adjacent sites. Fe and Mn contents in samples of
streambed sediment are nearly identical to those in adjacent

streambank deposits below Cataldo but differ markedly above.

Specifically, Fe and Mn contents in samples of streambed
sediment between mi 20 and 30 are much higher than in 1996
streambank flood deposits. The close similarity in the metal
contents of the 1995 and 1996 streambank flood deposits to
those of adjacent streambed sediment below Cataldo strongly
suggests that streambank flood deposits were derived from
mobilized streambed sediment in the adjacent channel (fig.
14). Although the similarity in the Pb and Zn contents of the
streambank deposits and adjacent streambed sediment above
Cataldo also suggests such a derivation, their contrasts in Fe
and Mn contents suggest that other processes or sources must
also be important over that reach.

10,000

Pb CONTENT, IN PARTS PER MILLION

Fe CONTENT, INWEIGHT PERCENT

Stream-Sediment Geochemistry in Mining-Impacted Streams: Coeur d’Alene-Spokane River System

Interelement Correlations in Flood Sediment

In the Coeur d’ Alene Mining District, fine Fe and Mn
oxyhydroxide compounds commonly occur as weathering
products within accumulations of tailings and tailings-contam-
inated sedimentary deposits in the valley, and as precipitates
floating within mining-impacted streams and coating stream-
bed sediment (Horowitz and others, 1993; Balistrieri and
others, 2003). As discussed above, SEM examination of some
of the samples of February 1996 suspended sediment indicated
that lead and zinc were spatially associated with fine Fe and
Mn oxyhydroxide minerals, probably by sorption (Robert
Hooper, written commun., 1998). In the following discussion,
we more carefully examine the relations between Fe, Mn, Pb,
and Zn in our samples, as well as several other mining-related
elements, including Ag, As, Cd, Cu, and Sb.

For comparison purposes, the entire flood-sediment-sam-
ple suite was grouped by sample media (suspended, stream-
bank, and flood-plain marsh sediment), river reach, and year.
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Pb (A), Zn (B), Fe (C), and Mn (D) contents in samples of streambank sediment deposited along the South Fork and main

stem of the Coeur d’Alene River versus downstream distance from Mullan, Idaho (see fig. 3 for locations), during February 1995 and
February 1996 high-flow events. Data points for samples of sediment deposited on streambank during high-flow events of February
1995 (gray triangles) and February 1996 (red circles) are connected by colored lines. Yellow squares, samples of streambed sedi-
ment collected from river channel in 1993 and 1994 (Box and others, 2001). Similarity of downstream progression in metal contents of
streambank deposits from the two floods, as well as their similarity to those of adjacent streambed sediment, suggests that stream-
bank sediment deposited during each flood was mobilized from sediment in adjacent streambed.



The four river reaches are (1) tributaries to the South Fork

of the Coeur d’ Alene River, including the South Fork above
Wallace; (2) the South Fork of the Coeur d’ Alene River below
Wallace; (3) the main stem of the Coeur d’ Alene River, and (4)
the Spokane River (figs. 1-3). Samples of streambank flood
deposits are subdivided into those from the South Fork, those
on the main stem of the Coeur d’Alene River above Cataldo,
and those on the main stem below the abrupt flattening of the
stream gradient a few miles below Cataldo.

In the following discussion, we compare the interelement
correlations in samples from subsets of these sample groups. On
the accompanying element-element scatterplots (figs. 15-17),
regression lines are calculated for selected data subsets by river
reach and, for some samples, by year as well. Regression lines
on the plots were calculated by the least-squares method, and
coefficients of determination (R?) are listed; however, given the
generally small size of the data subsets (mostly less than 25
samples, some as small as 8 samples), the statistical significance
of some of these apparent correlations is uncertain. Nonethe-
less, the consistent contrasts in the correlation trends between
selected data subsets argue strongly for their general distinction.

Fe and Mn correlate strongly (R?=0.86) in all samples (fig.
15A). The Fe contents of all samples separate into two clusters:
(1) samples containing from 9 to 11 weight percent Fe (mostly
streambank flood sediment from the lower Coeur d’ Alene River
below Cataldo), and (2) samples containing from 3 to 7 weight
percent Fe (all other samples). The linear regression line for
this correlation trends toward a point at 0 ppm Mn and about 2
weight percent Fe, apparently reflecting a sedimentary mixture
of two Fe compounds in the sediment: in a form unassociated
with Mn (2 weight percent Fe in all samples), and in association
with Mn. We infer that the association of Fe with Mn represents
Fe and Mn oxyhydroxide compounds produced from weather-
ing of tailings-contaminated sedimentary deposits in the valley
and from interaction of ground and surface waters (Horowitz
and others, 1993; Balistrieri and others, 2003).

Zn and Pb correlate crudely in all the samples of flood
sediment (R?=0.62; regression line not shown in fig. 15B), but
better correlations result from clustering the sample set into three
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subsets: (1) samples with Zn less than Pb contents (mostly 1996
samples, including suspended sediment from the South Fork
and main stem of the Coeur d’ Alene River, marsh flood sedi-
ment from the Coeur d’ Alene River valley, and both 1995 and
1996 streambank flood deposits from the South Fork and main
stem of the Coeur d’ Alene River above Cataldo; (2) samples
with Zn about equal to Pb contents (1996 and 1997 suspended
sediment from tributaries to the South Fork of the Coeur d’ Alene
River, and 1997 suspended sediment from the South Fork);
and (3) samples with Zn greater than Pb contents (mostly 1997
samples, including suspended sediment from the Coeur d’ Alene
and Spokane Rivers, but also 1995 and 1996 streambank flood
deposits from the Coeur d’ Alene River below Cataldo). A ¢ test
indicates that the differences between the three subsets are statis-
tically significant. The first subset defines a linear regression line
(R?>=0.86) that trends toward the origin (0 ppm Zn and 0 ppm
Pb) and has the shallowest slope (that is, the smallest increase in
Zn content relative to increasing Pb content), and the third subset
defines a linear regression line (R?=0.75) that trends toward a
point at 1,790 ppm Zn and 0 ppm Pb and has the steepest slope.
The second subset defines a linear regression line (R?=0.72)
intermediate between the other two, trending toward a point at
680 ppm Zn at 0 ppm Pb. These relations suggest the presence
of a sedimentary component with Zn but no Pb content in the
second and third sample subsets (discussed further below).

The relations of Pb and Zn to Fe and Mn are complex,
as shown in figures 16 and 17. For the entire sample set, Pb
and Fe correlate poorly (R?=0.14), but better correlations
result from dividing the sample set into three subsets by river
reach, regardless of year (fig. 16A): (1) suspended sediment
(n=16) from tributaries to the South Fork of the Coeur d’Alene
River (high Pb/Fe ratios; R>=0.94), (2) suspended and stream-
bank flood sediment (n=9) from the South Fork of the Coeur
d’ Alene River (moderate Pb/Fe ratios; R?>=0.94, when sample
outlier of streambank sediment with 7.2 weight percent Fe is
omitted), and (3) suspended, streambank, and marsh sedi-
ment (n=38) from the main stem of the Coeur d’Alene River
and suspended sediment from the Spokane River (low Pb/Fe
ratios; R?=0.80). The regression lines radiate from a point at

Figure 14. Schematic cross section of river channel and natural levee during overbank
flooding. Blue, floodwater; pink-dotted unit, sandy material entrained along riverbed; red
layered unit, historical metal-enriched sedimentary deposits; yellow layer, premining

unconsolidated deposits. Sandy material deposited on channel margin and levee top dur-
ing overbank flood is mobilized from (and is similar in elemental composition to) adjacent
streambed sediment and is deposited as water velocities decrease along channel flanks.
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media, river reach, and flood year. Sample media: B—, streambank sediment; M—, marsh sediment; S—, suspended sedi-
ment. River reaches: CR, main stem of the Coeur d’Alene River; LCR, lower main stem of the Coeur d’Alene River, down-
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ignated): 96, 1996; 97, 1997. Data points for two tributary samples with more than 12,000 ppm Pb and (or) Zn plot outside
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Figure 17. Zn versus Fe contents (A) and Zn versus Mn contents (B) in samples grouped by sample
media, river reach, and flood year. Same symbols and abbreviations as in figure 15; see figures 1 and

2 for locations. Linear-regression lines and coefficients of determination (R? calculated by least-
squares method) are for samples separated by river reach into three subsets as in figure 16, except
for 1997 suspended samples and lower Coeur d'Alene River streambank samples, which correlate with
next upstream subset (that is, 1997 samples from the South Fork of the Coeur d’Alene River correlate
with tributary samples, and 1997 samples from the Spokane River and main stem of the Coeur d'Alene
River correlate with 1996 samples from the South Fork of the Coeur d’Alene River). Data points for two
tributary samples that contain more than 12,000 ppm Zn plot outside area of figures.



0 ppm Pb and about 2.0 to 2.5 weight percent Fe. Pb and Mn
correlate well in the same three sample subsets (fig. 16B), with
regression lines radiating from closer to the origin (0 ppm Pb
and 0-1,000 ppm Mn). Similar correlations of Pb with Fe and
Mn by reach along the Coeur d’ Alene-Spokane River system
provide strong supporting evidence that Pb is associated with
Fe and Mn mineral compounds, suggesting that this associa-
tion changes stepwise in a downstream direction (that is, from
tributaries to the South Fork, to the South Fork itself, and
finally into the main stem of the Coeur d’Alene River, continu-
ing through Coeur d’Alene Lake into the Spokane River) to
account for the stepwise changes in geochemical correlations.

Because Zn and Pb correlate differently for samples from
the 1996 versus the 1997 floods (fig. 15B), the sample subsets
(by river reach) used for correlations of Zn to Fe and Mn in fig-
ure 17 are modified somewhat from those used for Pb in figure
16. The 1997 suspended-sediment sample groups and the sample
group of all streambank flood deposits from the lower Coeur
d’Alene River are each correlated with the next upstream sample
subset. For example, the 1997 South Fork suspended-sediment
samples, which clustered with 1996 South Fork suspended-sedi-
ment samples at moderate Pb/Fe and Pb/Mn ratios in figure 16,
correlate with the tributary samples at high Zn/Fe (R?>=0.62) and
Zn/Mn (R?=0.69) ratios in figure 17. Likewise, the samples of
1997 suspended sediment from the Coeur d’ Alene and Spokane
Rivers and all streambank flood deposits from the lower Coeur
d’ Alene River, which clustered with 1996 Coeur d’ Alene River
samples at low Pb/Fe and Pb/Mn ratios in figure 16, correlate
with 1996 South Fork samples at moderate Zn/Fe (R?>=0.69) and
Zn/Mn (R?=0.77) ratios in figure 17. In figures 17A and 17B, the
regression lines for the sample subset including the 1997 Coeur
d’Alene and Spokane River suspended sediment nearly parallel
those for the sample subset including the 1996 Coeur d’ Alene
suspended and marsh sediment but are higher by 1,500 to 2,000
ppm Zn at a given Fe or Mn content. These trends (along with
those in fig. 15B) suggest that 1,500 to 2,000 ppm of the Zn in
the 1997 Coeur d’ Alene and Spokane River suspended sediment
and in streambank flood deposits along the lower Coeur d’ Alene
River is not associated with Fe and Mn.

Several previous studies in the Coeur d’ Alene-Spokane
River system have also suggested the presence of a sedimen-
tary component of particulate Zn that is not strongly associ-
ated with Fe, Mn, or Pb. Paulson (2001) found that dissolved
Zn is progressively lost from river water downstream in the
Coeur d’Alene River below Cataldo, apparently by sorption
onto organic particulates, which accumulate in the streambed
sediment. Similarly, Box and Wallis (2002) identify a high-
Zn, low-Pb component in streambed sediment in the Spokane
River that they suggest is derived by precipitation of Zn in
new particles or by sorption of Zn onto existing particles.
Balistrieri and others (2003) showed that dissolved Zn is lost
during mixing of Zn-rich ground waters with Coeur d’ Alene
River water, either by sorption onto existing Fe-rich particles
or by precipitation of Fe-rich flocculants. We suggest that
the process of sorption of dissolved Zn from river water onto
existing organic or inorganic particles contributes the sedimen-
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tary component of Zn, which is apparently not associated with
Fe, Mn, or Pb, to the sources of the 1997 suspended sediment
in the Coeur d’Alene and Spokane Rivers and of the stream-
bank flood sediment along the lower Coeur d’ Alene River.
Several other mining-related elements consistently cor-
relate with either Zn or Pb, although the samples of suspended
sediment from the Spokane River commonly are somewhat
distinct from those the Coeur d’ Alene River and tributar-
ies (figs. 1, 2). Cd correlates well with Zn (fig. 18A4), with a
weight ratio of about 5:1,000. Both Ag and Sb correlate well
with Pb (figs. 18B, 18C), with weight ratios of 3:1,000 and
10:1,000, respectively, although the samples of suspended sed-
iment from the Spokane River have weight ratios consistently
different from (about half) those from the Coeur d’Alene
River and its tributaries. Ag consistently correlates with Sb
(R?>=0.83) in all samples (fig. 18D) with a weight ratio of 1:4.
Correlations between some of the mining-related ele-
ments are weak or nonexistent. Arsenic broadly correlates
with Fe in all the samples (R*=0.64), but within-group
trends are generally scattered (fig. 18E). Cu correlates
poorly with all other mining-related elements, as illustrated
by a plot of Cu versus Fe contents (fig. 18F). Cu contents
in many of the samples of tributary suspended sediment and
in some of the samples of Spokane River suspended sedi-
ment are anomalously high relative to enrichments in other
mining-related elements.

Discussion

Sources of Metal-Enriched Sediment Mobilized
During Flooding and the Processes Responsible
for Elemental Distributions

The geographic and temporal variations in mining-related
elemental composition and in interelemental correlations in flood
sediment in the Coeur d’ Alene-Spokane River system (figs. 1, 2)
result from corresponding variations in the sediment sources and
their characteristics. The ultimate sources of the metal-enriched
materials are the ore deposits of the Coeur d’ Alene Mining Dis-
trict, in which the Pb, Zn, Cd, Ag, Cu, As, Sb, and some of the
Fe are held in sulfidic minerals, while the Mn and some of the Fe
are held in carbonate gangue minerals (Fryklund, 1964). Once
these ores are extracted from the deep subsurface and placed in
the oxidizing surface environment, the primary ore and gangue
minerals begin to weather and are gradually replaced by second-
ary compounds, which consist of various oxide, carbonate,
phosphate, sulfate, and sulfide minerals (Fryklund, 1964; Hooper
and Mahoney, 2000). Many of the primary minerals in the
approximately 62 million tons of mine-waste materials that were
disposed of into the South Fork of the Coeur d’ Alene River and
its tributaries between 1886 and 1968 (Long, 1998) have subse-
quently weathered into these secondary compounds. The overall
strong correlations of mining-related elements with Fe and Mn
in flood-sediment samples, along with the spatial association
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Figure 18. Cd versus Zn contents (A), Ag versus Pb contents (B), Sb versus Pb contents (C), Ag versus Sh
contents (D), As versus Fe contents (E), and Cu versus Fe contents (F) in flood-sediment samples grouped
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